Summary 1
• Here we characterize the genetic regulation of a single gene balanced 2 polymorphism for phosphate fertilizer responsiveness, as well as arsenate 3 tolerance, in wild grass Holcus lanatus L. genotypes screened from the same 4 habitat, treated with high and low phosphorus (P) as phosphate. 5
• De novo transcriptome sequencing, RNAseq and SNP calling was conducted 6 on extracted RNA. Roche 454 sequencing data was assembled into 22,000 7 isotigs and Illumina reads for phosphorous starved (P--) and phosphorous 8 treated (P+) genovars of tolerant (T) and non--tolerant (N) phenotype were 9 mapped to this reference transcriptome. 10
• Heatmaps of the gene expression data showed strong clustering of each 11 P+/P--treated genovar, as well as clustering by N/T phenotype. Statistical 12 analysis identified 87 isotigs to be significantly differentially expressed 13 between N and T phenotypes and 258 between P+ and P--treated plants. 14 Introduction 1 (annotation of all isotigs is reported in SI Annotated--DESeq--Result.xlsx). 22
For identification of differentially expressed transcripts/genes, 100bp paired end 1 Illumina reads from experiment 1 (4 samples) and experiment2 (16 samples) were 2 aligned to the assembled 454 reference transcriptome (isotigs) using bowtie 3 (Langmead et al., 2009), allowing multiple matches (option --a) reporting only the 4 best hits obtained for each read pair (option ----best ----strata) with an allowed 5 maximum of 3 end--to--end mismatches (option -v 3) to an isotig. For each of the 20 6 samples the number of reported reads aligning to each isotig was counted with use 7 of a Perl script. heterozygous SNPs consistent across N and T phenotype (n=10) were extracted as 13 potentially relevant drivers of N versus T phenotype using a Perl script.
15
The data is in the process of being submitted to Short Read Archive (SRA) at the 16 European Nucleotide Archive (www.ebi.ac.uk/ena/), to be released upon 17
publication. 18

Results and Discussion 1
There was a clear segregation into tolerant and non--tolerant classes (Fig. 1) . 2 This was expected as previous studies have shown the ubiquity of this balanced 3 polymorphism (Meharg et al. ,1993; Naylor et al., 1996) . When grown in their 4 soil of origin the plants responded differentially to phosphate fertilizer (Fig. 2) . 5
General Linear Modeling (GLM) (using Minitab (v.16)) of ranked data (due to 6 non--normality of untransformed data) found a significant (P=0.004) 7 phenotype*P fertilization interaction for shoot/root ratio, all other model terms 8
were not significant for this comparison. This phenotype*P fertilization 9 interaction term was caused by a decrease in shoot/root ratio, in tolerants 10 treated with P, showing that the tolerant phenotype is not reducing relative root 11 growth in response to P nutrition. Plants normally reduce relative root 12 production under P nutrition (Gojon et al., 2009) . This is the first characterization 13 of a phosphate specific response for this polymorphism and the differential 14 allocation to root and shoot biomass in response to P availability likely to be the 15 reason why this polymorphism is maintained, and this will explained and 16 outlined in more detail in subsequent publications. There were no significantly 17 different (i.e. P>0.005) terms for both shoot weight and shoot P, while only the 18 treatment term was significant for root weight. These data show that shoot P 19 (root P was not measured as it is impossible to remove all adhering soil which 20 greatly confounds interpretation) does not differ between phenotypes, and that 21 this shoot P status is not P fertilizer responsive, all indicating tight homeostasis, response to either P+/P--treatment or N/T phenotype (Fig. 4 , SI Annotated--DESeq--23 and T phenotype, while the majority, 258 isotigs, were shown to be differentially 1 expressed in response to different P± nutrition treatment. There was no overlap 2 between the significant isotigs identified for P+/--and N/T phenotype response. 3
There are a number of potential explanations for the independence of transcripts 4 between N/T and P+/P--nutrition. The first is that a single regulatory gene, given that 5 we know that arsenate tolerance is under single gene control (Macnair et al., 1992) , 6
is controlling transcript production of a host of genes in the T/N comparison. The 7 second, which is not exclusive of the first, is that differences in metabolism resulting 8 from differential function of a gene(s) may lead to feedback regulating transcripts of 9 interrelated functions such as the obvious impact of P starvation on P metabolism 10 The amplitude of fold--change was greater between phenotypes than between P 20 treatments, while annotation was better for P responsive genes (Fig. 4) . Annotated 21 genes in classes that are highly relevant to the current study show that transcripts 22 significantly differentially regulated between T and N phenotype are dominated by 23 kinases, pathogen resistance, plant growth regulators (PGR), proteases, transposableelements (TEs) and RNA directed activity, but none involved in phosphate transport 1 (Annotated--DESeq--Results.xlsx, Fig. 4 ). It has previously been shown that one 2 consequence of having the arsenate tolerance gene is suppression of high affinity 3 phosphate/arsenate transport (Meharg et al., 1992a,b) . The results presented here 4 indicate, therefore, that post--transcriptional and post--translational mechanisms play 5 a key role in this suppression, as there was no differential expression of transcripts 6 involved in phosphate transport between phenotype. 7 8
With respect to T phenotype the only annotated gene absent compared to N, where 9 it is highly expressed, is a kinase receptor (isotig09647). Furthermore, isotigs with 10 significant homology to cbl--interacting kinase, MAPK kinase and serine/threonine 11 kinases had systematic differences in SNPs between N and T phenotype as did isotigs 12
showing homology to proteasome associated protein, transferases and a 13 ribonucloprotein/RNA recognition protein (Fig. 5, SI Table 1 ). 14 15
A gene that codes for rice adaption to soil P stress, PSTOL1, has been characterized 16 (Gamuyao et al., 2012) . This gene is an enhancer of early root growth and over 17 expression leads to increased grain yields, hypothesized to be due to more efficient P 18 capture due to larger root systems, with larger root systems characterizing the H. 19 lanatus T phenotype here (Fig. 2) . This gene is a kinase and some homologous 20 sequences were identified in H. lanatus, such as isotig20112 which showed 88% 21 (identities 145/164) homology to the serine/threonine protein kinase 22
LOC_Os01g04570.2 and 63% (identities 108/169) to Pstol1/OsPupK46--2, also 23 annotated as serine/threonine protein kinase (SI Fig. 2 ) and isotig03216, whichshowed 50% (identities 158/312) to protein serine/threonine kinase 1 LOC_Os01g04570.2 and 49% (identities 154/313) to Pstol1/OsPupK46--2. Isotig20112 2 was expressed in all T and N phenotypes but was 4 fold down--regulated in 2 out of 3 4 N phenotypes, with no P effect. isotig03216 was again expressed in all N and T 4 phenotypes, but N5, N4, N2 as well as T4 showed >3 fold lower expression 5 compared to T2, T3, T5, N3, but the overall observed 2 fold up--regulation in T--6 versus N--was not statistically significant (SI AnnotatedDeseqResult.xlsx).
8
Other transcripts belonging kinases, some of these showing homology to cbl--9 interacting kinases 9, 14 & 23, were found to be up--regulated under low P status 10 (Fig. 4 , SI AnnotatedDeseqResult.xlsx). Cbl--interacting kinases are serine/threonine 11 protein kinases, as is PSTOL1 (Gamuyao et al., 2012) . The only transcript absent in T 12 compared to N phenotype (present in 3 out of 5 N phenotypes and absent in all 5 T 13 phenotypes), isotig09647, noting that there was also a transposon severely 14 suppressed, was a receptor protein kinase. Another probable serine/threonine 15 protein kinase WNK2--like, isotig18018, was 60 fold up--regulated in T compared to 16 N. It is apparent that kinases play a role in both T/N phenotypic and P responsive 17 differences in the H. lanatus transcriptomes presented here and that there is 18 possibly some level functional redundancy. It is pertinent in this context that some 19 kinases have recently been identified as being central in phenotypic differences in 20 plant root response to P status (Gamuyao et al., 2012) as well as shown to be up 21 regulated in response to arsenate stress (Huang et al., 2012) . 22 Also of note is that an auxin binding protein (isotig16840) was highly expressed in 1 the T phenotype compared to the N phenotype. The alignment of the translated 2 isotig16840 is shown in SI Fig. 3 and shows a high homology to auxin binding rice 3
and Brachypodium proteins. One of the key differences between T and N phenotype 4 identified here was in root biomass (Fig. 2) . Auxins, and associated expansins, have a 5 key role in root growth (Cosgrove, 1999). The higher expression of an auxin--binding 6 protein with decreased expression of an expansin precursor transcript in T 7 phenotype, compared to N, and the enhanced expression of an auxin responsive 8 protein (isotig11028) under high P (SI AnnotatedDeseqResult.xlxs) suggest that auxin 9 signaling is central to the difference in root biomass regulation between T and N. The 10 alignment of translated isotig12721 with expansin precursor can be seen in SI Fig. 4 .
12
While most expressed transposons, some of these annotated with RNA directed A suite of isotigs involved in protein degradation including two with homology to 10 aspartic proteinase nepenthesin precursor (isotig17128, isotig10719), one FtsH 11 protease (03772) and a ubiquitination like protein (isotig20448) were suppressed in 12 T compared to N phenotype, indicating that post--translational protein degradation 13 may be an important factor for the N phenotype. With respect to P treatment, 14 ubiquitin--domain protein (isotig17019), protease inhibitor (isotig19161), putative 15 subtilisin homologue, a non--specific protease (isotig03645) were significantly up 16 regulated in response to P starvation, while ubiquitin conjugating enzyme like 17 (isotig08177), ICE--like protease p20 domain containing protein (isotig10848), 18 putative Deg protease homologue (isotig09222) and LTPL113 --Protease inhibitor 19 (isotig19161) were significantly down regulated in response to P starvation.
21
Furthermore, 6 consistent homozygous and 30 consistent heterozygous SNPs for N 22 versus T phenotype (n=10) were identified (Fig. 5) . These occurred predominantly in 23 transcripts associated with regulatory function such as proteolysis (protease,proteasome subunit, heat shock), protein modification (cysteine desulferase, 1 glycosyl transferase, transferase, kinase) and RNA recognition (RNA--binding, 2 ribonucleoprotein) and were a mixture of transitions and transversion SNPs (Fig. 5) . 3
Ubiquitins, which mark proteins for proteasome mediated degradation are thought 4
to have a key role in regulation of plant SPX domains in response to P stress (Wu et 5 al., 2012), so it is particularly interesting that we find that the largest number of 6 SNPs (3 transversion and 1 transition SNP) between T and N in an putative 7 proteasome subunit (isotig11038) as well as SNPs in FtsH protease (isotig03772) and 8 heat shock protein (isotig03795/03796). Also while we assume that these SNPs are 9 of genomic origin, without the genomic sequence of H. lanatus it is not possible to 10 rule out that targeted mRNA editing may be involved in some of these cases. RNA--11 editing, which has first been identified in the cox2 mRNA of Trypanosoma brucei, is 12 thought to play an important role in organelles (plastids and mitochondria) of plants, arsenate resistance and P uptake efficiency in these plants remains to be identified 10 and potential involvement of small RNAs should be investigated in this context.
12
The transcripts differentially regulated by P treatment were more completely 13 annotated compared to between phenotype (SI AnnotatedDeseqResult.xlxs), with 14 many of the genes identified as being significant having well known roles in P 15 transport and metabolism, as well as those involved in post--transcription, post--16 translation, and signaling ( Other transcripts coding for proteins involved in P regulation or transport identified 7
(SI Annotated--DESeq--Result.xlsx) include glycerophosphodiester/phosphodiesterase, 8 sucrose--phosphate synthase, glucose pyrophosphorylase, purple acid phosphatase, 9 phosphatase, glucose--6--phosphate phosphate translocator, for example, also 10 differentially regulated when comparing P stressed and P repleat lupin (O'Rourke et 11 al., 2013).
13
With respect to arsenate tolerance, the character used to screen the phenotype 14 understudy, one gene with a putative role in arsenic transport/metabolism, besides 15 phosphate transporters and their regulators, was an arsB--like gene. The alignment of 16 isotig09604 with ars--B like protein can be seen in SI Fig. 9 had a secondary role with respect to arsenic metabolism and that its primary role 4 was homologous to CDC25 phosphatases, which activate cycline--dependent kinases 5 in A. thaliana, which are involved in cell cycle regulation. HLASR is also thought to 6 have a role in GSH oxidation (Bleeker et al., 2006 ). An exact protein match 7 (isotig19077) to this Cdc25--like H. lanatus ASR, the only gene sequence previously 8 published for this species, was found in all 10 N and 10 T transcriptomes (SI Fig. 3) , 9
and was shown not to be differentially regulated, confirming that it has no adaptive 10 role in tolerance.
12
Returning to the fact that the trait under study here is due to a single loci and that it 13 leads to a range of distinct phenotypic traits is indicative that an upstream regulatory 14 gene is involved. It is now well established that P responsive genes a) give rise to 15 SNPs are all genomic SNPs or whether in some cases mRNA editing may be involved 2 remains to be elucidated. A master regulatory gene, potentially to be found within 3 our list of target genes or possibly in form of an as yet to be identified small RNA, 4 leading to the observed effect on genes involved in post--translational events 5 including protein degradation via the ubiquitin/proteasome complex and potentially 6 also post--transcriptional events mediated by RNA binding proteins, is as yet to be 7
identified. This characterization of the genetic consequences the P response 8 polymorphism in H. lanatus provides an unparalleled insight into the signal cascades, 9 optimized under natural selection, involved in P nutrition and has major 10 consequences for understanding how plants respond to phosphorus nutrition and 11 adaptation to arsenate in their environment. We anticipate that this as yet unknown 12 master regulatory gene and it's downstream targets, which we have already 13 identified, will be of significant consequence for future study and breeding of P--14 efficient forage plants and cereal crops. 
